Abstract | XMRV was first described in 2006, when it was identified in samples isolated from prostate cancer tissues. However, studies have since shown that XMRV arose in the laboratory and was formed by genetic recombination between two viral genomes carried in the germline DNA of mice used during serial transplantation of the CWR22 prostate cancer xenograft. These new findings strongly imply that XMRV does not circulate in humans, but is only present in the laboratory. Thus, there is no reason to believe that it has any role in the etiology of prostate cancer or other diseases.
Introduction
Several classes of viruses, including retro viruses, are known to cause cancer in humans and animals. The possibility that additional types of cancer could be caused by as yet unidentified viruses holds great appeal. However, the attractiveness of this hypoth esis has also led to cancer causation being mistakenly attributed to viruses.
1, 2 It has long been postulated that viruses could have a role in prostate cancer etiology, and reports of viruses in association with prostate cancer date back over 30 years. Thus far, however, no virus has been causally linked to prostate cancer. The latest entry into this catalog is xenotropic murine leukemia virusrelated virus (XMRV). This Perspectives article will critically evaluate studies that seemed to identify XMRV in prostate cancer samples, address the known sources of falsepositive results in XMRV assays, and describe and explain in depth the findings and the impli cations of a study that showed that XMRV was formed by a rare recombination event in the laboratory. Thus, we will chart the rise and fall of XMRV from its initial detection in 2006, via claims of its role in prostate cancer, to the 2011 report of its recombinant origin.
Reports of XMRV in prostate cancer
XMRV was first described in 2006, in a study that used a novel DNA microarray (termed the Virochip) containing oligonucleotides covering conserved sequences from reference viral genomes to analyze RNA isolated from prostate cancer tissues. 3 Positive hybridiza tion signals were observed in eight of 19 samples in regions of the micro array that contained sequences from known gamma retroviruses. Interestingly, seven of these eight positive samples were from individu als harboring a homo zygous R462Q (QQ) variant of the RNASEL gene. This finding was of interest because RNASEL functions in antiviral responses and the R462Q variant of RNASEL had been previously associated with prostate cancer risk. 4 Viral genome sequenc ing identified the virus as a murine leukemia virus (MLV) (Box 1). XMRV was detected in approximately 1% of stromal cells in prostate cancer tissues using both fluorescence in situ hybridization (FISH) with large segments of the XMRV genome as probes and immuno histochemistry (IHC) using a monoclonal antibody against an MLV protein, but it was not found in tumor cells.
Subsequent work from the same group described the molecular cloning of full length XMRV from cDNA isolated from the same prostate cancer samples used in the original study. 5 Transfection of the LNCaP prostate cancer cell line with a molecular viral clone showed that XMRV was indeed a replicationcompetent xenotropic MLV (Box 2). One hallmark of retroviral infec tions is the integration of the DNA form of the viral genome into the host genome. Dong et al. 5 also reported that DNA in which the end of the XMRV genome was joined to human sequences was present in the prostate cancer samples. This finding of viral integration sites was strong molecular evidence that authentic XMRVinfected cells were present in the tumors.
The results of these initial studies were intriguing for several reasons. Firstly, MLVs are not known to infect humans. Secondly, the results suggested that any causal associa tion between XMRV and prostate cancer might occur predominantly in a subset of patients who carry the homozygous QQ variant of RNASEL. Finally, the detection of XMRV in rare stromal cells-as opposed to the cancer cells themselves-indicated that if XMRV does have a causal role in prostate cancer, it is indirect. Such a relationship has not been described before in retrovirusesgammaretroviruses do induce tumors in animals (and in children in genetherapy trials), but do so by insertional muta genesis, giving rise to tumors in which every cell contains the viral genome (Box 1). Rare exceptions to this mode of transformation are found, but even in these cases the virus is present in all the tumor cells. 6 A report by PandhareDash et al. 7 raises the possibil ity that XMRV infection alters the growth regulation of prostate cancer cells, and, therefore, might in theory contribute to malignant transformation. Although there is no precedent for this phenomenon among gammaretroviruses, a mechanism whereby a retrovirus can have such an effect cannot be excluded without further investigation.
Interest in the possible role of XMRV in prostate cancer was stimulated by the appearance of a second positive report in 2009. 8 Here, samples from prostate cancer patients and benign controls were analyzed for XMRV using both quantitative PCR (qPCR) and IHC with antiXMRV anti serum (Table 1) . Using qPCR, XMRV was detected in 6% of prostate cancer samples and 2% of controls. The viral DNA was determined to be at a very low level in the tissues (1-10 copies per 660 diploid cells). Remarkably, IHC assays on tissues from the same patient cohort gave much higher fre quencies of XMRV incidence (23% in cases and 4% in controls) than PCR. A correla tion was found between the Gleason grade of the tumor and the probability of XMRV detec tion (by either PCR or IHC). Several aspects of the results of this study were quite unex pected. Firstly, XMRV was undetectable by PCR in most of the IHCpositive cases, despite the fact that the PCR techniques could detect 1-2 infected cells or slightly over five copies of XMRV DNA even in the presence of a >10,000fold excess of unin fected human DNA. Secondly, there were several discrepancies between these results 8 and the initial study published by Urisman et al. 3 No association was observed between RNASEL genotype and the detection of XMRV in Schlaberg and colleagues' 8 study. Furthermore, in contrast to the original report in which XMRV was only detected in rare stromal cells, 3 here XMRV protein was detected predominantly in prostate cancer cells. However, the percentage of tumor cells expressing presumptive XMRV antigens was generally low and quite variable. 8 Two additional studies have reported positive results in the detection of XMRV in patients with prostate cancer (Table 1) . 9, 10 Arnold et al. 9 reported that sera from a sub stantial fraction (27.5%) of men with pros tate cancer seemed to contain neutralizing antibodies capable of inactivating XMRV. A higher incidence of neutralizing activity was found in patients carrying the homo zygous QQ variant of RNASEL (40%) than in patients with either the RQ or RR genotype (15%). Within a subset of these patients, five were positive for XMRV according to FISH, nested PCR and XMRV neutralizing activ ity, whereas two were negative in all three assays. Although the concordance between the three assays was striking, the number of samples analyzed by all three methods was so small that the implications of the concor dance are difficult to interpret. Furthermore, this study reported the detection of XMRV by FISH in rare stromal cells as opposed to malignant epithelium. In another positive study, XMRV was detected in 22% of pros tate cancer samples by Danielson et al. 10 using nested PCR. Here, positive results for XMRV did not correlate with presence of the homozygous QQ variant of RNASEL and XMRV was detected by nested PCR in DNA from both normal and tumor tissues.
Thus, to date, at least four independent studies have reported the detection of XMRV in prostate cancer patients at varying frequencies depending on the assay used. An apparent discordance exists regarding the association between the detection of XMRV and the QQ variant of RNASEL, as well as the cellular localization of the virus in FISH and IHC assays.
XMRV has also been investigated in non human primates by intravenous injection into rhesus macaques. Interestingly, XMRV was found in the prostate as well as other organs of these infected animals, although no related pathology was observed. 11 
Negative reports in prostate cancer
The first followup study that attempted to detect XMRV in prostate cancer samples was published online in December 2007 (Figure 1) . 12 In this study, DNA obtained from benign prostate and prostate cancer tissues from patients in the USA was tested for XMRV using nested PCR against XMRV gag sequences using the same primer sets reported in Urisman and colleagues' 3 original paper (Table 1) . No samples were found to be positive for XMRV. This par ticular study did not attempt to genotype the patients for RNASEL, and, therefore, the number of individuals carrying the QQ variant was unknown. However, mul tiple subsequent studies that included known numbers of homozygous QQ car riers also failed to detect XMRV at any significant frequency (Table 1) . [13] [14] [15] [16] [17] This included a largescale study (589 cases) conducted in German patients with pros tate cancer, which included samples from 76 QQ carriers and found no evidence of XMRV at either the DNA or RNA level in tumor tissue samples. 15 Furthermore, sera
Box 1 | Murine leukemia viruses ■ Murine leukemia viruses (MLVs) are prototypical gammaretroviruses. 65, 66 Their overall structure and replication cycle are similar to those of other retroviruses, including HIV-1. The virus particle is roughly spherical, ~100 nm in diameter, and bounded by a lipid bilayer. It is constructed from the virus-coded Gag proteins and also contains the viral enzymes protease, reverse transcriptase, and integrase (known together as Pol) as well as the Env proteins that mediate the entry of the particle into new host cells and two copies of the viral RNA genome. Proteins from the virus-producing cell are also present within the particle. MLVs are among the simplest retroviruses, encoding only the three polyproteins-Gag, Pol and Env-that will be assembled into progeny virus particles. After the virus particle is released from the virusproducing cell, each of the polyproteins is cleaved by the viral protease. This maturation step is essential for infectivity ■ When an MLV particle infects a new cell, its reverse transcriptase copies the viral RNA into double-stranded DNA. Integrase physically inserts this DNA copy into the chromosomal DNA of the cell, and it is then replicated as part of the cell's genetic material and is transcribed and translated by normal cellular machinery. Productive infection is generally harmless for the cell ■ MLVs are found in mice in the wild and have been studied extensively in the laboratory. They have been engineered to create vectors for gene therapy. Both MLV in MLV-infected mice and the vectors administered to children can cause tumors by insertional mutagenesiswhile the chromosomal integration site of the viral DNA is nearly random, it is occasionally near a gene involved in regulation of cell growth. It can then interrupt the gene or alter its expression. The resulting disruption of the signal-transduction pathways controlling cellular replication is a principal mechanism by which these viruses cause tumors
Box 2 | Endogenous and xenotropic MLVs
■ Integration of the viral DNA into the chromosomal DNA of the host cell is an essential step in the retroviral replication cycle. This DNA (the provirus) is then copied along with the rest of the cell's DNA and is faithfully transmitted to the daughter cells at cell division. Infection sometimes occurs in cells of the germline of the infected organism, so that the provirus is also transmitted to the organism's offspring. Such a provirus is referred to as an endogenous virus. The genomes of laboratory mice contain over 100 endogenous MLV genomes 67 ■ One of the factors that determines which cells can be infected by a given retrovirus is the interaction of the viral Env protein, which mediates entry into the cell via a receptor on the cell surface. MLV Env proteins are polymorphic and different MLV isolates use different cellular receptors. Some endogenous MLVs give rise to infectious MLVs with a surprising property: although these particles can infect cells of other species, they cannot infect mouse cells. These endogenous MLVs are termed xenotropic MLVs. Evidently, these viruses were able to utilize the cellular receptor when they infected mouse germline cells many generations ago. However, in the intervening years, natural selection has altered the receptor, rendering contemporary mice resistant to these viruses. The majority of endogenous MLV genomes are classified into groups called 'polytropic' and 'modified polytropic'. To our knowledge, polytropic and modified polytropic endogenous MLV genomes do not give rise to infectious MLV PERSPECTIVES from patients with prostate cancer were not found to contain XMRVspecific anti bodies. 15 A number of additional reports either did not detect XMRV or detected XMRV at extremely low frequencies in prostate cancer samples (Table 1) . [18] [19] [20] [21] [22] [23] As the first largescale study of QQ carriers was conducted in Germany, reports in the literature have often suggested that there is a discrepancy between US and European studies regarding detection of XMRV in human prostate cancer. However, the first followup study-like the original report by Urisman et al. 3 -was conducted in a cohort from the United States, 12 and mul tiple additional studies conducted in the United States also found very few or no XMRVpositive cases of prostate cancer. [16] [17] [18] We have surveyed nearly 800 US cases using a combination of quantitative, duplex real time PCR and wellcontrolled IHC using two mono specific antisera, each against a different MLV protein. In all cases, positive controls demonstrated the highly sensitive and specific nature of our assays for detect ing XMRV, but no signs of XMRV were observed in clinical samples. 18 
XMRV in other human disease
Since the initial discovery of XMRV, studies have been conducted to determine if this new virus could contribute to other human disorders, ranging from other malignancies to neurological disorders and immune and autoimmune diseases. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Of particular note, a report of the detection of XMRV in blood cells from patients with chronic fatigue syndrome (CFS) appeared in the journal Science in October 2009. 36 This paper reported the detection of both XMRV DNA and proteins in patient samples, and infectious XMRV could be isolated from these samples by exposure of permissive uninfected cells to plasma or peripheral blood mononuclear cells from patients with CFS. Of particular concern, the virus was reported not only in 67% of patients with CFS, but also in nearly 4% of healthy controls. The appar ent presence of the virus in the blood of healthy indivi duals raised the possibil ity of a new, serious risk to the nation's blood supply. Similar to the discovery of XMRV in prostate cancer, followup studies reporting no detection of XMRV in CFS patients were published, this time almost immediately after the initial report. 37, 38 Numerous additional negative data have been reported in CFS cohorts worldwide, and such studies continue to be published to date.
One additional report was originally described as confirming the presence of XMRV in CFS patients. 39 Using nested PCR, Lo et al. 39 amplified MLV sequences from peripheral blood mononuclear cells of CFS patients and healthy controls. In this study, nearly 90% of CFS samples were MLVpositive compared with 7% of the control samples. However, sequencing of the amplified fragments showed that they were not XMRV, but rather MLV sequences that are present in mouse DNA. These 'polytropic endogenous' MLVs are resident in the mouse genome as a result of infec tion of mouse germ cells in the past (Box 2). Furthermore, they contain genetic defects and cannot replicate. They are, therefore, completely distinct from XMRV and their presence strongly suggested the possibility that the samples were contaminated with murine DNA. 
Addressing the contradictions
By 2010, the XMRV literature was filled with stark, inescapable contradictions and concerns were being raised regarding falsepositive results in assays for XMRV caused by laboratorybased contamination. Detection of XMRV and related viruses in clinical samples often relied on PCR for detection of viral nucleic acids; however, mice contain endogenous viral sequences that can be amplified with "XMRVspecific" primers in PCRbased assays. 40 Thus, PCR assays for XMRV are particularly suscep tible to falsepositive results owing to the presence of the MLV genomes in mouse DNA and the extraordinary sensitivity of the assays. Every mouse cell contains at least 100 MLV genomes. Therefore, a millionth of a microliter of mouse blood contains sequences that can potentially be ampli fied in "XMRVspecific" PCR. As mice are ubiquitous in biomedical research, it can be very difficult to obtain clinical samples without trace amounts of murine DNA. An important step that helped to clarify the role of contaminating mouse DNA in XMRV assays was the development of PCR assays for murine sequences, including mitochon drial cytochrome oxidase and intracisternal A particle (IAP) sequences. 41 As there are approximately 1,000 copies of the IAP retro transposon in the mouse genome, testing for IAP sequences is an extremely sensitive way of detecting the presence of mouse DNA. When these assays were applied to a series of clinical samples, every sample that had been scored as XMRVpositive was also found to contain IAP sequences. 41, 42 A number of commercial reagents used in assays for XMRV (such as Taq poly merases, PCR master mixes, RTPCR kits and extraction columns) have also been found to contain trace amounts of murine nucleic acids and might, therefore, explain positive results. [43] [44] [45] In some studies, XMRV is detected more frequently in samples from patients with a disease than control subjects. This appar ent association of the virus with disease is, at first glance, difficult to reconcile with the idea that the positive results represent contamination. However, it must be con sidered that the disease samples might be collected or handled differently, or at dif ferent times, compared with the controls. As suggested by Weiss, 2 it is also possible that disease samples might simply be handled more often than "joblot" control samples, increasing the opportunities for potential contamination to occur. Given the extra ordinary sensitivity of PCR, which can detect single molecules of template, it seems likely that it could even detect airborne nucleic acid molecules in the laboratory.
A very important development in recon ciling the contradictions between different laboratories has emerged from a joint study organized as the Blood XMRV Scientific Research Working Group (SRWG). 46 This group sent blinded samples (positive control samples spiked with XMRV, nega tive control samples with no XMRV, and clinical samples from patients previously reported to be positive for XMRV) to nine different laboratories for testing by nested PCR, virus culture and serology. Two laboratories that had collaborated in the original report on XMRV in CFS samples 36 were the only laboratories to report detec tion of XMRV in clinical samples. However, these two laboratories also "detected" XMRV in negative control samples that did not contain the virus, providing direct, unequivocal evidence that the assays used in these laboratories suffer from some artifacts producing positive results in the absence of XMRV. 46 Of particular note, in the SRWG study, the Lo et al. 39 labora tory found no XMRV in any of five of their previously reported positive samples or in 10 samples previously reported as positive by Lombardi et al., 36 despite their ability to detect XMRV in all five of the spiked positive controls. 46 IHC has also been used to detect XMRV in clinical samples. Surprisingly, this method seemed more sensitive than PCR in the work of Schlaberg et al. 8 One concern regarding this work is the way in 40 Oakes et al., 41 Robinson et al., 42 Sato et al. 43 Figure 1 | Timeline of key studies and events in the XMRV controversy. The timeline highlights an important subset of the studies and events involved in the rise and fall of XMRV. Online first publication dates given for articles if available. *A presentation on the finding of the recombinant origin of XMRV was presented by V. Pathak at the CROI conference. 64 PERSPECTIVES which the antiXMRV antiserum was gen erated-whole viral particles produced in human cells were used as the immuno gen. However, retrovirus particles contain cell ular proteins in addition to viral pro teins. 47, 48 Thus, this immunization is likely to have generated antibodies against human proteins, as well as against the viral proteins. Stieler et al. 22 have reported that the anti serum used by Schlaberg can recognize cell ular proteins in noninfected human and mouse cell lines. Furthermore, Sakuma et al. 16 compared the staining by an anti MLV p30/gp70 antibody that can detect XMRV precursor Gag, CA, and Env pro teins to that by the antiXMRV anti serum used by Schlaberg and colleagues 8 in IHC assays on prostate cancer tissues. Both antibodies reproducibly stained 293T cells transfected with an XMRV clone in posi tive control assays. However, only the anti XMRV antiserum used by Schlaberg et al. 8 stained areas of prostate tumor epithelium, whereas the antiMLV p30/gp70 antibody did not show positive staining in any of the tissues. Sakuma et al. 16 concluded that "we cannot detect XMRV in prostate cancer tissues and that the antibody described by Schlaberg, Singh and colleagues recognizes nonviral proteins in addition to XMRV". 16 In our own studies, we received prostate cancer tissue sections (kindly provided by Dr Ila Singh, University of Utah) from a number of the same patients tested by Schlaberg et al. 8 The samples were pre dicted to be XMRVpositive based on the previous IHC results with the antiXMRV antiserum. 8 However, the sections did not stain with two different broadly reactive MLV antisera that had previously detected XMRV in positive control assays. 18 Taken together, the evidence suggests that it is highly unlikely that the IHC staining observed by Schlaberg et al. 8 represents the true presence of XMRV.
Finally, one surprising feature of all XMRV sequences reported in clinical samples is their uniformity. Five sequences purportedly isolated from patient samples were found to be, on average, >99.9% iden tical to each other at the nucleotide level. 49 This nearidentity of XMRV sequences is difficult to reconcile with the errorprone nature of retroviral replication. In fact, dif ferent HIV1 genomes isolated from a single infected individual show far more diver gence than is seen in the entire set of XMRV sequences published to date. However, it should be noted that the sequence diver sity of different isolates of human Tcell leukemia virus type 1 (HTLV) (a member of the deltaretrovirus genus, distinct from both MLVs and lentiretroviruses such as HIV1) is also far lower than that of HIV1, although not as low as that in XMRV. 50 As sequence diversity is generated during the viral replication cycle, it is likely that there is much less ongoing viral replication in an HTLVinfected individual than in an indivi dual infected with HIV1. 51 The level of replica tion in an MLVinfected, viremic mouse is not known.
A recombinant origin of XMRV
Many mistaken claims of viral involvement in cancer have taken years to resolve. By contrast, the status of XMRV was clarified virtually overnight by a single study. 49 The establishment of prostate cancer cell lines is somewhat unique in that it often requires longterm passage through mice as xeno grafts. One cell line developed in this way, CWR22Rv1 (also known as 22Rv1), was reported in 2009 to produce high levels of XMRV. 52 This finding was consistent with a role for XMRV in prostate cancer, as it was possible that the cultured cells produced XMRV because they originated from an XMRVinfected tumor. On the other hand, the cells might have become infected during passage, as human cells are permissive for xenotropic MLVs, and it has been known for decades that they can be infected with these viruses when they are passaged in mice. 53, 54 The CWR22 xenograft was serially trans planted (passaged) through mice for at least 7 years before the CWR22Rv1 cell line was established in culture. To determine whether XMRV was present in the original tumor or appeared during passage, Paprotka et al. 49 performed PCR using primers that would detect XMRV (or viruses with similar sequences in their env coding regions) on samples taken from several inter mediate points during the serial passage of the CWR22 tumor cells in the nude mice. 49 They found that, at least for the first seven passages, the tumor cells contained no more than three copies of the XMRVrelated sequence per 100 cells. This low level, which remained constant for several passages, probably represents the contamination of the xenograft samples with the surround ing mouse tissue. By contrast, established CWR22Rv1 cells contain ~2,000 copies per 100 cells, 49, 52 strongly suggesting that XMRV was not present in the original tumor, but arose during the passage of the tumor cells in the mice (Figure 2a) . Paprotka et al. 49 then cloned and sequenced an MLV genome from the early xenografts and from the nude mice used to establish the cell line. This genome, which they termed PreXMRV1, is a ~8.3 kb, replication defective, endogenous MLV genome containing a deletion and a +1 frameshift in its coding regions that render it unable to direct the production of infectious progeny viruses (Figure 2b) . Of greatest interest, a 3.2 kb stretch of the PreXMRV1 genome is almost completely identical in sequence to XMRV, includ ing portions of the coding regions for the reverse transcriptase and integrase enzymes and part of the Env protein, which is involved in the entry of MLV particles into susceptible host cells. Stretches at both ends of PreXMRV1 are also virtually identical to XMRV, although the remain der of PreXMRV1 has only ~90% identity to XMRV.
Using a similar strategy, Paprotka et al. 49 isolated a second endogenous MLV genome from the host mice, which they named PreXMRV2. This virus has the exactly complementary relationship to XMRV as PreXMRV1 (Figure 2b )-it is essen tially identical in sequence to XMRV in regions where PreXMRV1 and XMRV diverge, but only ~90% identical where PreXMRV1 and XMRV are the same. Thus, the XMRV sequence can be derived by a combination of the PreXMRV1 and PreXMRV2 sequences. Retro viruses frequently undergo genetic recombination. Every virus particle con tains two genomic RNA molecules, and reverse trans criptase can 'jump' between them while copying the RNA into DNA during infection of a new host cell. A detailed analysis showed that the entire XMRV genome can be accounted for by six such jumps between PreXMRV1 and PreXMRV2 RNA. This level of recombina tion is well within the normal range, as the average number of jumps per replica tion is about four 55 ( Figure 2b ). Thus, XMRV seems to have arisen in a prostate cancer cell by recombination between two endogenous MLVs. Recombination occurred after the cell was infected with an MLV particle that was produced in a nude mouse and con tained the two genomic RNAs. It is crucial to understand that this is an extremely low probability event. In other words, the odds of generating XMRV more than once are vanishingly small. Firstly, the two paren tal MLVs are apparently not present in most mice, but are both found in the nude mice used to passage the CWR22 tumor. Secondly, they could conceivably recombine at many sites, generating genomes encoding the same amino acid sequences as XMRV but differing from it in nucleotide sequence. The fact that all XMRV sequences are prac tically identical at the nucleotide level indi cates that they must have been derived from a single recombination event.
The "final" word on XMRV A manuscript that cast extreme doubt on the plausibility of XMRV having a role in CFS was published alongside the Paprotka et al. 49 study describing the recombinant origin of XMRV. In this report, Knox et al. 56 analyzed blood samples from the patients that had previously been described as XMRVpositive in the initial Lombardi et al. 36 study, and found no evidence of XMRV or other MLVs in these samples. 56 Both the Paprotka et al. 49 and the Knox et al. 56 studies, which were published in Science, were accompanied by an Editorial Expression of Concern regarding the origi nal Lombardi et al. 36 report. 57 Furthermore, a partial retraction of the Lombardi et al. 36 manuscript, indicating that contamination from XMRV plasmid DNA might have been responsible for positive PCR results obtained from CFS samples, has been pub lished. 58 In essence, all PCR data from the initial manuscript were retracted.
As previously noted, one strong indica tion that human cells in prostate cancer samples are infected with XMRV was the isolation of junction fragments of DNA in which XMRV sequences were joined to human sequences. 5 However, two studies have since shown that even these observa tions are attributable to contamination as opposed to true infection. 59, 60 The same laboratory that reported on the junc tion fragments had previously introduced XMRV into cultured DU145 prostate cancer cells and had isolated junction fragments from these infected cultures. It was noted that in two cases, the integration sites were identical between the patient and DU145 samples. 59 The probability of finding two integration events that independently occurred at the same location within the 3.5 billion bases of the human genome is extremely low. Thus, the authors con cluded that the "patientderived" integra tion sites must reflect PCR contamina tion. Another study confirms this conclusionsingle nucleotide polymorphism analysis of patient integration sites showed that the XMRV integration sites did not originate from the patient samples but from XMRV infected cell lines. 60 Additional studies arguing against the possibility that XMRV is a human pathogen include evidence that XMRV replication is blocked by several anti viral restriction factors that are present in human cells, including APOBEC3 pro teins and tetherin, [61] [62] [63] and evidence that XMRV can be inactivated by sera from patients with CFS and healthy controls. 56 
Conclusions
XMRV arose in the laboratory as the result of a rare recombination event. We believe that all of the reported PCRbased evi dence of XMRV in clinical specimens can be explained by contamination of the assays with mouse DNA, XMRV from cultured cells (CWR22Rv1 cells or cells infected by XMRV from CWR22Rv1 cells), or DNA from infected cells or XMRV plasmids. Positive IHC data probably reflect the lack of specificity of the antiserum used in these assays. There is no reason to believe that XMRV actively circulates in humans or is present in the environment outside the laboratory. PreXMRV-1 and PreXMRV-2 regions of ≥99% sequence similarity to XMRV are shown in blue, and the predicted template switching events that generate XMRV from PreXMRV-1 and PreXMRV-2 are shown by the red double arrows. Numbers indicate the nucleotide positions flanking these switching events. The GenBank Accession numbers for the sequences denoted for PreXMRV-1 and PreXMRV-2 are FR871849 and FR871850, respectively. Abbreviation: LTR, long terminal repeat (found at ends of retroviral DNA copies).
